A n estimated 36,000 shunt-related operations are performed annually. 5 The well-known early and late complications and malfunctions from shunts result in great burdens for patients, their families, and health care providers. The estimated annual cost of treating pediatric hydrocephalus is 1.4 to 2.0 billion dollars annually. 22 A recent study in a pediatric population showed that 84.5% of patients required at least 1 shunt revision, and 4.7% required 10 or more, resulting in an average of 2.66 revisions at a mean follow-up of 19.9 years.
The risk of shunt failure secondary to elective nonneurosurgical operations has been reported in several specialties, including obstetrics, 6, 9 orthopedics, 1, 13 and urology, 27 with the risk related to abdominal surgery being the most widely studied. 4, 10, 14, 15, 22 There are few reports of shunt malfunction following neurosurgical procedures or surgery. There are 2 small case series of low-pressure shunt failure after lumbar puncture. 7, 19 Tubbs et al. were the first to report ventriculoperitoneal (VP) shunt malfunction after intradural surgery. They had a series of 5 patients who had low-pressure VP shunt failures after intradural spinal surgery, and they postulated that these failures occurred due to a "siphoning effect" from preferential drainage of CSF from the distal surgically opened subarachnoid space. 25 Many pediatric neurosurgeons perform elective intradural surgery on children with existing VP shunts with regular frequency, such as spinal cord detethering in patients with spina bifida or resection of residual or recurrent brain tumors. It stands to reason that spillage of debris, blood, or introduction of air into the CSF along with direct surgical exposure or manipulation of the shunt would place the shunt at risk for malfunction or infection. To our knowledge, there has been no study to date that has assessed the risk of shunt failure or infection in such patients. The objective of this study was to determine the all-cause shunt malfunction rate (i.e., revision and infection) within 90 days of an elective intradural operation and to determine, if possible, any predisposing factors.
methods
An administrative procedural database prospectively maintained by the Neuroscience Center of Le Bonheur Children's Hospital (LBCH) was queried for all elective intradural surgery, cranial or spinal, from January 2010 to June 2014. The 4 major operations were cranial tumor resection, spinal tumor resection, Chiari decompression, and spinal cord detethering. Other procedures included encephalocele repair, rhizotomy, and transnasal/ transsphenoidal surgery. Electronic medical records (e.g., discharge summary; history and physical examination; operative and radiographic, MRI, and CT reports) were reviewed to determine if each patient had a functional VP shunt at the time of their elective intradural operation. In an effort to supplement our initial search, we cross-referenced our list of patients with a separate, recently created LBCH shunt surgery database. Patients were excluded if they underwent a shunt revision or initial shunt placement at the same time as their elective intradural procedure. Individuals performing the chart review were all trained by 1 individual (G.V.) to ensure consistency of review and coding. To further verify accuracy, 2 individuals (G.V. and P.K.) reviewed all patient records.
We collected the following data points for each study patient: 1) age at the time of shunt placement; 2) age at the time of elective intradural operation; 3) sex; 4) etiology of hydrocephalus (e.g., congenital, dysraphism, posthemorrhagic, pseudotumor, tumor, and other); 5) number of shunt revisions prior to elective intradural surgery; 6) number of months since last shunt surgery; 7) type of intradural procedure performed (burr hole for endoscopy, craniotomy, laminectomy, and combinations thereof); and 8) number of elective intradural surgeries within the study period. For cranial tumor surgery, we recorded tumor type, tumor location (e.g., supratentorial, infratentorial, intraparenchymal, intraventricular, or extraaxial), intraventricular approach during the operation, intraoperative blood loss, and length of procedure. Intraventricular approach was defined as surgery within or through 1 or more ventricles as described in the operative report.
Our primary outcome measure was whether the patient required a shunt revision, exploration, or developed a shunt infection within 90 days of their index elective intradural procedure. Each elective intradural surgery was followed for 90 days or until a subsequent elective intradural surgery or shunt failure within 90 days. We sought to determine the impact, if any, of age, time since last shunt surgery, hydrocephalus etiology, procedure type, intraventricular approach, length of surgery, and blood loss on the risk of developing a shunt malfunction or infection. Each shunt failure was analyzed for type of failure (e.g., proximal, distal, valve, or complete revision) and etiology of failure (e.g., infection, obstruction with clot, etc.). Subgroup analysis for those patients undergoing elective intradural surgery for CSF pathology (e.g., hygroma, loculated hydrocephalus, spinal cord syrinx) was also performed. The institutional review boards of LBCH and the University of Tennessee Health Sciences Center approved this study. All statistics were calculated using SPSS (version 22; IBM).
results
Between January 1, 2010, and June 30, 2014, our search identified 109 patients who underwent 150 elective nonshunt-related intradural operations with a functional ventricular shunt at the time of their operation. Median age at elective intradural surgery was 8.50 years (range 0.34-34.0 years), median time elapsed since last shunt operation was 18.5 months (range 0-238 months), and mean and median number of shunt revisions prior to elective intradural surgery was 1.74 and 1, respectively (range 0-40). There were 109 one-time elective intradural surgeries: 29 were secondtime and 12 were third-time or greater. Twenty-one of the 150 surgeries were followed for less than 90 days-due to subsequent elective intradural surgery-with a mean and median return to surgery of 15.78 days and 5 days, respectively. Of the 150 surgeries, 122 (81%) were craniotomies, 23 (15%) were laminectomies or laminotomies, and 5 (3%) were endoscopic procedures through a burr hole; 1 of these patients underwent a craniotomy and laminectomy performed under the same general anesthesia. Of the 122 craniotomies, 94 (77%) were for tumor resection, 5 (4%) for Chiari decompression, 2 (2%) for acute subdural hematoma evacuation, and 21 (17%) were classified as "other" (e.g., epilepsy surgery or encephalocele repair). The 23 laminectomies/laminotomies were for spinal cord detethering (14, 61%), tumor resection (5, 22%), syrinx shunt revision (3, 13%), and dorsal rhizotomy (1, 4%). Among the 5 burr holes procedures, 4 were endoscopic surgeries, 3 for fenestration of loculated hydrocephalus, and 1 for tumor resection. One burr hole procedure was for evacuation of a mixed chronic subdural hematoma/hygroma. and greater percentage of patients with an intraventricular surgical approach during intracranial surgery (80.0% vs 60.3%). Additionally, the mean numbers of shunt revisions prior to elective intradural surgery for patients in the failure and nonfailure groups were 1.38 (range 0-7) and 1.78 (range 0-40), respectively. Of note, 2 patients in the nonfailure group had high numbers of prior shunt revisions: 31 and 40 failures, respectively. The proportion of patients undergoing multiple elective intradural surgeries was 31.3% (failure group) and 25.2% (nonfailure group). There were 13 shunt revisions (11.9%) after 109 one-time elective intradural operations, 3 (10.3%) after 29 second-time elective operations, and no failures after third-time or greater operations.
There were 16 shunt revisions within 90 days of separate elective intradural operations (10.7%) in 14 patients (13 males and 1 female), including 3 in patients who required a complete revision as a result of a shunt infection. Table 2 details the characteristics of the shunt revisions. The mean and median time to shunt failure was 22.6 and 9 days, respectively (range 1-75 days), and 8 of our patients (50%) had shunt malfunction within the first 5 postoperative days. There were 11 craniotomies for tumor (69%), 2 endoscopic cyst fenestrations (12.5%), 1 craniotomy for epilepsy (6.2%), 1 craniotomy for Chiari decompression (6.2%), and 1 laminectomy for selective dorsal rhizotomy (6.2%). Ten of the 13 craniotomies involved an intraventricular approach (77%). Among the 11 craniotomies for tumor, 9 were infratentorial and 2 were supratentorial; 8 tumors had an intraventricular component.
Five patients (33.3%) required a complete shunt revision, including 3 patients with postoperative infection, 1 patient with wound breakdown, and 1 patient whose shunt was changed prophylactically after diagnosis of an intraparenchymal fungal infection 5 days after resection of a recurrent ependymoma. Five additional patients (33.3%) had failure of the proximal catheter, 4 patients (26.7%) required valve replacement, and 1 patient (6.7%) required a distal shunt revision. Of the proximal malfunctions (n = 5), 1 patient experienced postoperative intraventricular hemorrhage resulting in obstruction of the proximal catheter; 1 patient had obstruction due to choroid plexus; 1 patient experienced catheter migration out of the ventricle, presumably as a result of CSF drainage collapsing the ventricle; in 1 patient, the cause of failure could not be found; and 1 patient died (see details below). The lone distal revision was secondary to coiling of the distal catheter within abdominal adhesions. Among the patients requiring valve replacement (n = 4), 3 were due to intraventricular hemorrhage and subsequent clot in the valve, 1 was due to overdrainage, and 1 was replaced secondary to damage resulting from a fall. Six elective intradural surgeries were performed for CSF pathology in 5 patients: 3 surgeries for endoscopic fenestration of loculated hydrocephalus, 2 for spinal cord syrinx revision, and 1 hygroma evacuation. One patient required 2 separate shunt revisions after 2 separate endoscopic fenestrations for his loculated hydrocephalus at postoperative Days 4 and 73.
There was 1 notable mortality in our series: a 3.7-yearold syndromic female with multiple neurological, spinal, and other anomalies (including congenital hydrocephalus with shunt placed shortly after birth), Chiari malformation Type I, atlantoaxial instability, a retroflexed odontoid, and platybasia. She underwent a suboccipital craniectomy for intradural Chiari decompression with C-1 laminectomy and occipitocervical fusion. Preoperatively, the patient had no symptoms to suggest a shunt malfunction, and her 
discussion our Findings
The early and late failure rates of ventricular shunts in children have been well documented in the literature. For example, Kestle et al. reported the long-term results of their North American multicenter Shunt Design Trial and found the overall shunt survival was 62% at 1 year, 52% at 2 years, 46% at 3 years, and 41% at 4 years. 11 In a group of 113 children, Khan et al. report that postcranial surgery hydrocephalus and history of mass lesion resection-among other factors-negatively impact shunt survival. 12 There are several publications that report shunt failure associated with a separate surgery, done either remotely or at the same time as the shunt surgery. Appelgren et al. showed that concomitant surgery at the time of VP shunt placement doubled the risk of shunt failure, possibly due to prolonged procedure time. 3 Type of concomitant surgery was not defined or analyzed separately in this study. Abu-Sneineh et al. reported 2 cases of acute shunt malfunctions following posterior spinal fusion for scoliosis. 1 The authors hypothesized that the correction of scoliosis fractured the shunt tubing in 1 case and disrupted a fistulous tract between previously fractured tubing in the other case. Additionally, Lai et al. also reported 3 cases of shunt malfunction during or after scoliosis surgery. 13 One patient had disruption of the distal catheter, requiring revision 1 month after surgery; 1 patient required a distal shunt revision intraoperatively due to height gained; and 
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the final patient presented emergently 3 weeks after surgery in poor neurological condition. He underwent multiple shunt revisions but ultimately lapsed into a coma and died 18 months after index surgery. There are a number of reports on the risk of shunt infection with elective or concomitant abdominal surgery with most suggesting that there is no increased risk. 8, 16, 20 Surprisingly, there are no reports in the literature that directly address the risk of shunt malfunction or infection after elective intradural cranial or spinal surgery. Such surgery can expose the hardware for prolonged period of time or introduce pathogens, blood, debris, or air into the CSF, which can lead to malfunction or infection. We report an all-cause shunt revision rate of 10.7% per elective intradural surgery. If we presume shunt failure after an elective intradural operation is a random event with a fixed risk, then the equation to calculate the cumulative risk is straightforward:
n where "R" is the risk of the event occurring (10.7/100) and "n" is the number of elective operations. However, this is likely too simplistic a model. The inherent risk of surgery may change if it is the first intradural operation versus the second, third, etc. In our series, 11.9% of patients experienced a failed shunt after their first elective intradural surgery, and 10.3% of the patients had a failed shunt after their second surgery. Only 12 patients required a third or greater surgery, and there were no failures in this group. Additionally, the risk is likely different depending on what type of intradural surgery is being performed. For example, is the risk greater in a patient who undergoes a tumor resection compared with one who undergoes fenestration of loculated hydrocephalus? The number and type of intradural surgery are but two of many possible determinants of an individual's shunt failure risk for a particular intradural surgery, which can only be more comprehensively assessed with a much larger study.
Thirteen of the 16 shunt revisions occurred after craniotomies, with 10 of the craniotomies employing an intraventricular approach. One patient developed a proximal catheter occlusion 45 days after a dorsal rhizotomy. The reasons for revision were varied, including multiple cases of postoperative intraventricular hemorrhage leading to clot in the proximal catheter or valve; infections (both ventriculitis and surgical site); ventricular collapse due to CSF drainage resulting in the proximal catheter migrating out of the ventricle; and alteration of CSF fluid dynamics leading to low pressure malfunction. On average, the patients in the shunt failure group were younger, they had their preceding shunt operation closer to the index intradural surgery, and they were more likely to have one of the ventricles exposed during surgery compared with those patients whose shunts did not fail.
As previously mentioned, there are few reports of shunt malfunction after elective intradural spine surgery and lumbar puncture. 7, 19, 25 In the case series by Tubbs et al., the mean time to shunt failure was 5 days (range 2-14 days), similar to our study in which nearly half failed within 5 postoperative days. 25 In the only report we could locate that evaluated cranial surgery, Omarov et al. examined 234 adult patients with hydrocephalus secondary to brain tumors and found that additional operations for tumor resection did not increase the risk of shunt failure. 18 This study began as a quality project after the unfortunate death of one of our patients due to an unrecognized proximal catheter malfunction after elective intradural Chiari decompression and occipitocervical fusion surgery. Death due to a shunt malfunction is rare but is an event almost all pediatric neurosurgeons will encounter at least once during their career. Smith et al. reported the overall mortality rates for 5955 shunt-related procedures at 253 hospitals between 1998 and 2000 to be 0.3% for high-volume centers (> 121 admissions/year) and 0.8% for low-volume centers (< 28 admissions/year). 23 Emergency admission, presence of infection, and hospital and surgeon case volume were significant predictors of death.
study limitations
Although identification of the shunt malfunction cases (numerator) was relatively straightforward as this is a variable in our recently created shunt surgery database, finding the total number of patients with an existing functioning shunt who underwent an elective intradural cranial or spinal surgery proved to be more difficult. Ultimately, a large list of patients was generated that was carefully scrutinized. Although we are confident that we found most of the eligible patients, we may still have missed some, which would result in the actual risk being lower than our reported risk (10.7%). Our outcome, all-cause shunt malfunction, was limited to 90 days from the elective intradural procedure because we felt that this would be a long enough time period to capture any malfunction that was directly attributable to the operation. While our results are internally valid, they may not be generalizable to other centers, primarily with regard to the make-up of our patients. Many of our patients with a shunt who underwent an elective intradural surgery did so for tumor resection. Similar to the numerous studies that have evaluated whether etiology of hydrocephalus is a risk factor for shunt failure, 17, 21 it is possible that the specific etiology or type of elective intradural surgery are also risk factors for early shunt malfunction after elective intradural surgery. The volume and characteristics of our patient population limit our analysis and conclusions; however, our study would be ideal for a multicenter consortium such as the Hydrocephalus Clinical Research Network.
conclusions
This is the first study that attempts to answer a simple yet clinically relevant question: what is the risk of a shunt malfunction in a patient who undergoes an elective intradural cranial or spinal operation? Eleven percent of our patients with functional shunt systems prior to elective intradural surgery experienced shunt failure within 90 days, with half of those patients experiencing a shunt failure within the first 5 postoperative days. Possible risk factors were young age, ventricular approach, and shorter time from previous shunt operation. A larger prospective study is needed to confirm our findings.
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